he philadelphia chromosome (Ph), 1 the result of a t(9;22) reciprocal translocation, 2 is present in over 90 percent of patients with chronic myeloid leukemia (CML) and results in the juxtaposition of DNA sequences from the BCR and ABL genes. 3-6 BCR-ABL encodes a protein, p210 BCR-ABL , with dysregulated tyrosine kinase activity, 7 which is necessary and sufficient for leukemogenesis. [8] [9] [10] [11] Imatinib mesylate (Gleevec, Novartis), a potent competitive inhibitor of the tyrosine kinases associated with ABL, 12, 13 C-KIT, 14, 15 platelet-derived growth factor receptor, 13, 14, 16 and ARG, 17 impedes the interaction of ATP with these proteins 18 and thereby inhibits their ability to phosphorylate and activate proteins downstream.
After an initial phase 1 dose-escalation study of imatinib in patients with CML, 19 a phase 2 study involving 532 patients with late chronic-phase CML who had had an unsatisfactory response to interferon alfa was conducted that used a dose of 400 mg of oral imatinib once daily. Imatinib was well tolerated, and 60 percent of the patients had a major cytogenetic response (defined by the finding that no more than 35 percent of cells in metaphase were Ph-positive); 41 percent had a complete cytogenetic response. 20 After a median follow-up of 18 months, 95 percent of patients were alive and the disease was still in the chronic phase in 89 percent.
Although allogeneic hematopoietic-cell transplantation is the only proven curative treatment for CML, the procedure is an option in only about 25 percent of patients and carries substantial risks. [21] [22] [23] In prospective, randomized studies, interferon alfa has produced rates of major cytogenetic responses of 11 to 30 percent and complete cytogenetic responses in about 10 percent of patients. 24 Most, [25] [26] [27] [28] although not all, 29 of these studies have demonstrated a survival advantage with interferon alfa, as compared with hydroxyurea (or busulfan), although interferon alfa is not considered curative. An overview of seven such studies indicated an absolute overall improvement in five-year survival rates with interferon alfa treatment of 15 percent (from 42 to 57 percent), as compared with either hydroxyurea or busulfan treatment. 24 In the present prospective, multicenter, openlabel, phase 3, randomized study (the IRIS [International Randomized Study of Interferon and STI571] trial), the combination of recombinant interferon alfa and low-dose cytarabine was adopted as the standard for comparison with imatinib, since this combination results in superior rates of cytogenetic response and survival as compared with interferon alfa alone. 30 However, interferon alfa plus low-dose cytarabine requires regular subcutaneous injections of two drugs, and side effects are frequent and troublesome. A recent comparison of interferon alfa with interferon alfa plus cytarabine confirmed that superior rates of cytogenetic response can be achieved with the combination but did not demonstrate a significant difference in survival. 31 
patients
Patients were eligible for the study if they were between 18 and 70 years of age and had received a diagnosis of chronic-phase, Ph-positive CML within six months before study entry. Chronic phase was defined by the presence of less than 15 percent blasts, less than 20 percent basophils, and less than 30 percent blasts plus promyelocytes in the peripheral blood and marrow. Patients were excluded if they had extramedullary disease other than hepatosplenomegaly or fewer than 100,000 platelets per cubic millimeter unrelated to therapy. The presence of other cytogenetic abnormalities in addition to Ph did not exclude patients from the study. Patients had to have been previously untreated for CML, with the exception of hydroxyurea, anagrelide, or both. Levels of liver aminotransferases, serum bilirubin, and serum creatinine that were no higher than 1.5 times the upper limit of the normal range were required. Women who were breast-feeding, pregnant, or of childbearing potential without a negative pregnancy test were not enrolled. Patients were excluded if their Eastern Cooperative Oncology Group performance status was 3 or higher (poor), they had other uncontrolled serious medical conditions, they had received prior chemotherapy or treatment with any investigational agent, they had undergone hematopoietic-cell transplantation, they had undergone major surgery within the preceding four weeks, they were known to be seropositive for the human immunodeficiency virus (screening was not required), or they had a history of another cancer within the previous five years, with the exception of basal-cell carcinoma or cervical carcinoma in situ. The prognostic scores of Sokal et al. 32 and Hasford et al. 33 were determined; these scores were not available for some patients who were referred from outside centers.
Individual investigators used a computerized telephone system for randomization, and no blockt methods ing was used. The study was conducted in accordance with the Declaration of Helsinki, and the study protocol was reviewed by the ethics committees or institutional review boards of all participating centers. All patients gave written informed consent according to institutional regulations.
study design and treatments
This prospective, multicenter, open-label, phase 3, randomized, controlled trial was conducted in an outpatient setting. Patients in the imatinib group received 400 mg orally daily. Patients assigned to interferon alfa plus cytarabine (combination therapy) received gradually escalating doses of interferon alfa (target dose, 5 million U per square meter of bodysurface area per day) as long as grade 3 (severe) or grade 4 (life-threatening) toxicity did not occur. Once the maximal tolerated dose of interferon alfa was achieved, subcutaneous low-dose cytarabine was added at a dose of 20 mg per square meter per day (maximal daily dose, 40 mg) for 10 days every month. The concurrent administration of hydroxyurea in either treatment group was permitted during the first six months of treatment to keep the white-cell count below 20,000 per cubic millimeter. Treatment in both groups was continued until the patient no longer derived benefit from the medication.
The study was designed by the investigators and representatives of the sponsor, Novartis. The data were collected with use of the data-management and statistical-support systems of Novartis and analyzed and interpreted by a statistician from Novartis in close collaboration with the investigators. The study-management committee (see the Appendix), which was also the writing committee, and all academic investigators had access to the raw data. An independent data-monitoring board (see the Appendix) reviewed the trial data on two occasions and made recommendations regarding the timing of disclosure of the data that were based on safety, tolerability, and efficacy.
end points
The primary end point was progression, which was defined by any of the following events, whichever came first: death from any cause during treatment, the development of accelerated-phase CML (defined by the presence of at least 15 percent blasts in the blood or bone marrow, at least 30 percent blasts plus promyelocytes in the blood or bone marrow, at least 20 percent peripheral basophils, or thrombocytopenia [fewer than 100,000 platelets per cubic millimeter] unrelated to treatment) or blast-phase CML (defined by the presence of at least 30 percent blasts in the blood or bone marrow or extramedullary involvement [e.g., chloromas], but not hepatosplenomegaly), loss of complete hematologic response (defined by the appearance of any of the following in two blood samples obtained at least one month apart: a white-cell count of more than 20,000 per cubic millimeter, a platelet count of at least 600,000 per cubic millimeter, the appearance of extramedullary disease, the appearance of at least 5 percent myelocytes and metamyelocytes in the peripheral blood, or the appearance of blasts or promyelocytes in the peripheral blood), loss of major cytogenetic response (defined as an increase in Phpositive cells in metaphase by at least 30 percentage points on two cytogenetic analyses performed at least one month apart), or an increasing white-cell count (defined as a doubling of the count to more than 20,000 per cubic millimeter on two occasions at least one month apart in a patient who had never strictly had a complete hematologic response despite receiving maximally tolerated doses of therapy).
Secondary end points were the rate of complete hematologic response (as defined by a white-cell count of less than 10,000 per cubic millimeter, a platelet count of less than 450,000 per cubic millimeter, the presence of less than 5 percent myelocytes plus metamyelocytes, the presence of less than 20 percent basophils and the absence of blasts and promyelocytes in peripheral blood, and the absence of extramedullary involvement), the rate of major cytogenetic response (categorized as either complete [0 percent Ph-positive cells in metaphase in a bone marrow sample] or partial [1 to 35 percent Ph-positive cells in metaphase], as determined on the basis of G-banding in at least 20 cells in metaphase per sample), safety, and tolerability.
dose modifications
For patients in the imatinib group who did not have a complete hematologic response at 3 months or at least a minor cytogenetic response (defined by the finding of 36 to 65 percent Ph-positive cells in metaphase) at 12 months, the dose could be escalated to 400 mg twice daily in the absence of doselimiting adverse effects. For patients in the combination-therapy group who were receiving the maximal tolerated dose of interferon alfa, the dose of cytarabine could be increased up to 40 mg per day for 15 days each month if a complete hematologic response at 3 months or at least a minor cytogenetic response at 12 months was not achieved.
crossovers
All crossover requests were stripped of identifiers and evaluated weekly by the study-management committee. Patients were allowed to cross over to the other group if they had no response, had a loss of response, had an increase in the white-cell count, or could not tolerate treatment (a situation defined by the recurrence of nonhematologic toxicity of at least grade 3 despite appropriate dose reductions and optimal symptomatic management); crossover was allowed for any patient who had an adverse effect that was considered immediately life-threatening.
statistical analysis
The sample-size calculation was based on projected differences in progression rates. The aim was to detect a relative hazard ratio of 0.75 for the imatinib group relative to the combination-therapy group, given an estimated five-year rate of progression-free survival of 50 percent for the combination-therapy group and approximately 60 percent for the imatinib group. With a planned median follow-up of 5.25 years and an enrollment period of 0.5 year, 822 patients needed to undergo randomization to yield the required 385 events (with use of a two-tailed logrank test at the 5 percent level of significance and a statistical power of 80 percent). To allow for a yearly dropout rate of 10 percent, the recruitment target was 1032 patients. The analysis of the primary end point was performed on an intention-to-treat basis regardless of whether crossover occurred; all other variables were analyzed only for the initial treatment period (until patients crossed over or discontinued treatment).
The 95 percent confidence intervals for observed response rates were calculated with the use of Pearson-Clopper limits, and the difference in treatments was evaluated with Fisher's exact test. Rates of hematologic and cytogenetic response were estimated according to the Kaplan-Meier method, 34 in which data on patients who crossed over to the alternative treatment group or discontinued treatment for reasons other than progression were censored at the last follow-up visit of the initial treatment period. The treatment effect was evaluated with the logrank test.
Safety was analyzed for all patients who received at least one dose of study drug: 551 in the imatinib group and 533 in the combination-therapy group. Efficacy was analyzed in the intention-to-treat population -that is, all 553 patients who were randomly assigned to the imatinib group and all 553 who were assigned to combination therapy.
patients and treatments
The study was conducted in 177 hospitals in 16 countries, and 1106 patients (553 in each group) were enrolled between June 2000 and January 2001.
The data as of January 31, 2002, were then submitted to the health authorities of countries participating in the study as part of the approval process for the use of imatinib in newly diagnosed chronic-phase CML. The current analysis is based on data collected up to July 31, 2002 . The median follow-up was 19 months. The only significant difference in base-line characteristics between the two groups was that more patients in the imatinib group than in the combination-therapy group had chromosomal abnormalities in addition to Ph (12.1 percent vs. 7.6 percent, P=0.015). Risk stratification on the basis of the prognostic scores of Sokal et al. 32 and Hasford et al. 33 produced similar results in the two groups ( Table 1 ). The median dose delivered in the imatinib group was 400 mg daily (range, 114 to 732). In the combination-therapy group, the median delivered dose of interferon alfa was 4.8 million U per day (range, 0.6 million to 11.3 million); 159 patients (28.8 percent) never received cytarabine, but among the 394 (71.2 percent) who did, the median number of courses was 4 (range, 1 to 23). Hydroxyurea was given to 45 percent of the patients in the imatinib group (median, 15 days) and 75 percent of patients in the combination-therapy group (median, 30 days).
crossover, discontinuation, safety, and tolerability A total of 79 patients (14.3 percent) in the imatinib group and 493 patients (89.2 percent) in the combination-therapy group either discontinued treatment or crossed over to the alternative treatment group (Table 2) . Discontinuations and crossovers were mutually exclusive groups. In the combination-therapy group, the most common reason for crossover was intolerance (136 of 318 patients who crossed over), and for discontinuation, it was withdrawal of consent (75 of 175 patients who discontinued therapy). Most patients who discontinued after withdrawing consent were in the combination-therapy group and did so when the Food and Drug Administration approved imatinib (in May 2001), presumably to receive imatinib therapy outside the confines of the study. A total of 52 patients proceeded to bone marrow transplantation a median of 13 months (range, 5 to 22) after randomization: 18 in the imatinib group (1 of whom had crossed over to the combination-therapy group) and 34 in the combinationtherapy group (13 of whom had crossed over to the imatinib group).
The toxicity profiles of the two groups are consistent with published experience (Table 3) . Adresults * Discontinuation and crossover are mutually exclusive groups. Crossover because of an increase in the white-cell count or intolerance of treatment required the approval of the study-management committee. † This reason for crossover was introduced 12 months after the last patient was recruited, on the basis of a recommendation by the independent data-monitoring board. Discontinued alternative treatment 5* Adverse events include conditions that worsened from base line or developed during initial treatment in more than 10 percent of the patients and were graded according to the Common Toxicity Criteria of the National Cancer Institute. Hematologic events were graded as follows: grade 3 was defined by a neutrophil count of 500 to less than 1000 per cubic millimeter, a platelet count of 10,000 to less than 50,000 per cubic millimeter, a hemoglobin level of 6.5 to less than 8.0 g per deciliter, or a leukocyte count of 1000 to less than 2000 per cubic millimeter; grade 4 was defined by a neutrophil count of less than 500 per cubic millimeter, a platelet count of less than 10,000 per cubic millimeter, a hemoglobin level of less than 6.5 g per deciliter, or a leukocyte count of less than 1000 per cubic millimeter. Elevated liver-enzyme levels were considered to be grade 3 if they were 6 to 20 times the upper limit of the normal range and grade 4 if they were more than 20 times the upper limit of the normal range. Data on safety were not available for 2 patients in the imatinib group and 20 patients in the group given interferon alfa plus cytarabine. verse events in the imatinib group were generally grade 1 (mild) or 2 (moderate), and among the most common were superficial edema, nausea, muscle cramps, and rashes. There were only rare occurrences of grade 3 or 4 events, but such events were much more common in the combination-therapy group and were consistent with the high rate of crossover resulting from intolerance in this group. These adverse events included fatigue, depression, myalgias, arthralgias, neutropenia, and thrombocytopenia. At the time of the analysis, 48 patients in the study had died. Eight patients died during treatment (Table  2 ) from causes not related to their leukemia, four had cardiac events, one died in a car accident, one died of pneumococcal sepsis, one of pulmonary edema, and one from liver metastasis. A total of 14 patients in the imatinib group and 26 patients in the combination-therapy group died after discontinuing therapy (3 and 5, respectively, after bone marrow transplantation).
rates of hematologic and cytogenetic responses
Rates of hematologic and cytogenetic responses are shown in Table 4 . As well as a higher overall rate of complete hematologic response in the imatinib group than in the combination-therapy group (95.3 percent vs. 55.5 percent, P<0.001), the responses were more rapid. The median interval to a complete hematologic response was 1 month in the imatinib group, as compared with 2.5 months in the combination-therapy group. The estimated rates of complete hematologic response at 18 months were 96.8 percent in the imatinib group and 69.0 percent in the combination-therapy group. The rate of a major cytogenetic response was 85.2 percent in the imatinib group, as compared with 22.1 percent in the combination-therapy group (P<0.001). In the imatinib group, even among those at high risk according to the Sokal and Hasford scores, the rates of major cytogenetic response were 69.0 percent and 78.9 percent, respectively (complete cytogenetic response, 56.3 percent and 65.8 percent). Using the Kaplan-Meier method, which compensates for the high rates of crossover and discontinuation, particularly in the combinationtherapy group, we estimated that the rate of major cytogenetic response at 18 months was 87.1 percent (95 percent confidence interval, 84.1 to 90.0) in the imatinib group and 34.7 percent (95 percent confidence interval, 29.3 to 40.0) in the combination-therapy group (P<0.001) (Fig. 1) . The corresponding rates of complete cytogenetic response at 18 months were 76.2 percent (95 percent confidence interval, 72.5 to 79.9) and 14.5 percent (95 percent confidence interval, 10.5 to 18.5; P<0.001).
Of the 318 patients who crossed over to imatinib therapy, 82.4 percent had a complete hematologic response and 55.7 percent had a major cytogenetic response, including 39.6 percent who had a complete cytogenetic response (Table 4 ). Three of the 11 patients who crossed over from imatinib to combination therapy had a complete hematologic response, but none had a cytogenetic response (Table 4 ). At 12 months, the disease had not progressed in an estimated 96.6 percent of patients in the imatinib group and 79.9 percent of patients in the combination-therapy group (P<0.001) (Fig. 2A) ; the respective values at 18 months were 92.1 percent and 73.5 percent. At 12 months, estimated rates of freedom from progression to accelerated-phase or blast-crisis CML were 98.5 percent in the imatinib group and 93.1 percent in the combination-therapy group (P< 0.001) (Fig. 2B) . The respective values at 18 months were 96.7 percent and 91.5 percent. In all Sokal risk groups, imatinib was significantly superior to combination therapy (P<0.001) (Fig. 2C) . The estimated survival rates at 18 months were 97.2 percent for the imatinib group and 95.1 percent for the combination-therapy group (P=0.16). If survival was censored at the time of bone marrow transplantation, the estimated survival rates at 18 months were 97.4 percent for the imatinib group and 95.8 percent for the combination-therapy group (P=0.23).
In this randomized study, we compared imatinib with standard therapy for newly diagnosed, chronic-phase CML. On the basis of the marked differences between the two groups, particularly with respect to the rates of progression, the independent data-monitoring board recommended that the data be disclosed. According to all variables measured, including the rates of complete hematologic response, major and complete cytogenetic response, freedom from progression to accelerated-phase or blast-crisis CML, and tolerance of therapy, imatinib was significantly superior to interferon alfa plus low-dose cytarabine.
When the study was designed, the combination of interferon alfa and low-dose cytarabine was thought to be the most effective treatment for patients with newly diagnosed CML who were not considered candidates for allogeneic hematopoietic-cell transplantation. 30 Despite superior cytogenetic responses with the combination, improvement in survival has not been confirmed. 31 Regardless, the results for the combination-therapy control group in our study (12-month rate of major cytogenetic response, 30.3 percent; and 12-month rate of complete cytogenetic response, 11.8 percent) are similar to those of a French study (39 percent and 15 percent, respectively) 30 and an Italian study (21 percent and 8 percent, respectively), 31 and none approached the significantly better results achieved with imatinib.
Because of the favorable results of the phase 2 study of imatinib in late chronic-phase CML, 20 we considered a crossover design to be an essential element of the current study. Only 79 patients (14.3 percent) in the imatinib group discontinued the drug or crossed over to combination therapy, whereas 493 patients (89.2 percent) in the combinationtherapy group did so. At the time of this analysis, 60 patients (10.8 percent) were still receiving combination therapy. Imatinib induced a complete hematologic response in 82.4 percent of patients who crossed over to this drug from combination therapy and induced a major cytogenetic response in 55.7 percent and a complete cytogenetic response in 39.6 percent. These results are similar to those of previous studies of imatinib in patients who had had no response to interferon alfa treatment: 95 percent had a complete hematologic response, and 60 percent had a major cytogenetic response (41 percent had a complete cytogenetic response). 20 Analysis of responses was complicated by the high rate of crossover and discontinuation of treatment. If response was analyzed only according to the first treatment received, our analysis may undiscussion Data on patients who crossed over to the other treatment group or discontinued treatment for reasons other than progression were censored. At 12 months, the estimated rate of major cytogenetic response was 84.4 percent in the imatinib group and 30.3 percent in the group given interferon alfa plus low-dose cytarabine; the respective rates at 18 months were 87.1 percent and 34.7 percent. derestimate the response to interferon alfa (compare Table 4 and Fig. 1 ). For example, a patient who crossed over to imatinib therapy because of intolerance might be counted as not having a response to combination therapy. To compensate for this possibility, we also analyzed the data using the Kaplan-Meier method, in which data on patients who crossed over or discontinued treatment for reasons other than progression were censored at the end of the initial treatment. In contrast, the use of a strict intention-to-treat principle may overestimate the rate of response and underestimate the rate of progression associated with interferon alfa therapy, since imatinib has been shown to be effective rescue therapy for patients who have no response to interferon alfa. We used the Kaplan-Meier method to estimate responses and a strict intention-to-treat principle to determine the rate of progression. Despite this conservative statistical approach, the differences remained large and significantly in favor of imatinib. The outcome of patients whose disease has progressed to accelerated phase or blast crisis despite treatment with any therapy including imatinib 35 is significantly worse than the outcome of patients with chronic-phase CML. We found no demonstrable difference in survival between the two groups on an intention-to-treat basis, and it seems unlikely that any such difference will ever be observed. This is probably due to the early crossover of so many patients to the imatinib group. The study will continue for at least five years and will therefore allow us to determine the long-term outcome of imatinib therapy. However, taking into account the high rate of complete cytogenetic response and the early evidence of a delay in the progression to accelerated-phase or blast-crisis CML, we believe that imatinib therapy may significantly improve long-term survival.
The advent of imatinib already appears to have had an impact on the numbers of allografts being performed, 36 and the choice between drug therapy and transplantation for newly diagnosed CML is becoming increasingly difficult. A total of 52 patients have proceeded to transplantation so far, but it is not possible to make meaningful comments regarding their outcome, since the numbers are too small. On the basis of the high early mortality rate associated with bone marrow transplantation and the promising results with imatinib, early transplantation might be restricted to patients with the highest likelihood of success, such as younger patients Progression was defined by any of the following events, whichever came first: death, accelerated-phase or blast-crisis CML, loss of response, or an increasing white-cell count. The P value is for the difference between treatment groups within each risk group. with matched sibling donors, and to patients with an insufficient response to imatinib. 23 We will continue to follow the patients in this study to evaluate the long-term tolerability of imatinib and the durability of responses and to determine whether the leukemia can be eradicated at the molecular level.
Studies are under way to compare various doses of imatinib monotherapy with imatinib in combination with other agents.
